Polyethylene (PE)-clay nanocomposites have been prepared using melt blending in a Brabrender mixer. X-ray diffraction and transmission electron microscopy were used to characterize the nano-structure of these composites while the thermal stability was evaluated from thermogravimetric analysis and the flammability parameters using cone calorimetry. It is found that the PE-clay nanocomposites have a mixed immiscible-intercalated structure and there is better intercalation when maleic anhydride is combined with the polymer and clay to be melt blended. The reduction in peak heat release rate is 30-40%.
Introduction
Significant improvements in the physical properties of polymers, including mechanical, thermal and gas barrier properties, have been realized through the production of polymer-clay nanocomposites, which contain only a small amount of clay. Nanocomposites may be prepared either by polymerization of a monomer in the presence of the clay or by blending with the clay. In either case, the sodium cation which occupies the gallery space in the clay must be ion-exchanged with an 'onium' salt which contains at least one long organic chain to render the gallery space sufficiently organophilic to permit the entry of the polymer into this gallery space. The formation of a nanocomposite requires that the clay be well dispersed throughout the polymer. When the clay is not well dispersed, the material is referred to as immiscible and the clay is acting as a filler. In the case of a well-dispersed system, if the registry between the clay layers is maintained, the system is described as intercalated, if this registry is lost, the system is called exfoliated or delaminated.
There have been several reports on polyolefin-clay nanocomposites, 1, 2, 3, 4 but only a few on polyethylene (PE)-clay nanocomposite 5, 6, 7 and no work was reported on the flammability of PE nanocomposites. Due to its non-polar backbone, it is a challenge to make PE nanocomposites. Gaylord 5 has combined very high levels of clay with PE in the presence of maleic anhydride (MA) and has no doubt obtained an immiscible material. Kuchta et al. 6 have combined PE with an organically-modified clay in a twin-screw extruder and claim the formation of a nanocomposite. Wang et al. 7 have shown that a nanocomposite may be formed using PE-g-MA when the organically-modified clay contains at least a C-18 chain but the material is at least partially immiscible when the carbon chain is shorter. They claim the formation of exfoliated materials when MA is present and intercalated nanocomposites in the absence of MA.
In this paper melt blending is used to prepare nanocomposites of polyethylene by mixing with clay in the absence or the presence of MA. The materials have been characterized by X-ray diffraction, XRD, thermogravimetric analysis, TGA, transmission electron microscopy, TEM, and cone calorimetry.
Experimental

Materials
Low-density Polyethylene (LDPE) was acquired from Aldrich Chemical Company; it was dried for 2h at 80 °C in an oven then stored over P2O5. Maleic anhydride (MA) was also from Aldrich and was used as received. The sodium clay and the organically-modified clays Cloisite 6A, 20A, 25A, 30B were kindly provided by Southern Clay products, Inc. Two additional clays, Si18 and VB16, were prepared following our published literature procedure. 8 The description of the organic modifiers, the names by which they are known and the d-spacing are shown in Table 1 . The difference between 6a and 20A is the concentration of ammonium salt, for 6a is 140 meq/100 g; for 20A is 95 meq/100 g.
Preparation of PE-clay nanocomposites
The organically-modified clays used in this study may be divided into two sets; those which contain no functionality, e.g. 6A, 20A, and 25A, and those which do contain a functionality, 30B, VB16 and Si18. The clay content was fixed at 3% (mass fraction) for all systems.
PE/clay nanocomposites
LDPE with 3% organically-modified clay, such as Cloisite 6A, 20A or 25A, were premixed in a beaker, then melt blended in a Brabender Plasticorder with a chamber of 50 cm 3 at 170 °C. The screw speed was at a low speed, 30 rpm, for the first 5 min, then increased to 60 rpm for 25 min to get a well-mixed system. Upon completion of the blending, the molten composite was removed from the chamber and allowed to cool to room temperature.
PE/MA/clay nanocomposites
LDPE and 3% MA were mixed in a beaker, then added into the Brabender chamber and mixed for 5 min at 170 °C at low speed (30 rpm). Then 3% organically-modified clay, such as VB16, Si18 or Cloisite 30B, was added in small portions. After all of the clay was added, the screw speed was increased to 60 rpm for 25 min. Upon completion of the blending, the molten composite was removed and allowed to cool to room temperature.
Instrumentation
X-Ray Diffraction (XRD) patterns were obtained using a Rigaku Geiger Flex, 2-circle powder difractometer equipped with Cu-Kα generator (λ=1.5404 Å). Generator tension is 50 KV and generator current is 20 mA. All the samples were compress molded at 170-180 °C to 20 mm×15 mm×1 mm plaques for XRD measurements. Bright field transmission electron microscopy (TEM) image was obtained at 120 kV, at low-dose conditions, with a Phillips 400T electron microscopy. The sample was ultramicrotomed with a diamond knife on a Leica Ultracur UCT microtome at room temperature to give 70-nm-thick section. The section was transferred from water to carbon-coated Cu grids of 200 mesh. The contrast between the layered silicate and the polymer phase was sufficient for imaging, so no heavy metal staining of sections prior to imaging was required. Thermogravimetric analysis(TGA) was carrying out on a Cahn TG131 unit under nitrogen at a scan rate of 10 °C per minute from room temperature to 600 °C. Temperatures are reproducible to ±3 °C while the fraction of non-volatile is repeatable to ±3%. Cone calorimetry was performed on an Atlas CONE-2 according to ASTM E 1354-92 at an incident flux of 35 kW/m3. Results and discussion
Clay structures used in this study
There are two classes of clay that have been used in this study, those which do not contain functionalities and those which are functionalized. The unfunctionalized clays should be incapable to react with the polymer or with MA. The three functionalized clays, 30B, Si18 and VB16 all have different functional groups which may show quite different reactivities. In the case of the clay 30B the functionalities are hydroxyl groups which could react with the maleic anhydride units grafted onto the clay; reaction with PE itself is unlikely. The clay Si18 contains a silicon-oxygen bond which may also react with the maleic anhydride units. The functional group in VB16 is a double bond and this is unlikely to react with either PE or MA.
Characterization of Nanocomposites by XRD
Polymer-clay nanocomposites are formed by the insertion of polymer chains between the clay layers. As the polymer inserts, it must increase the gallery space and force the clay layers to separate, thus XRD is a suitable means to evaluate this process. The XRD results for the various clays are tabulated in Table 2 and are also presented graphically in Fig. 1, Fig. 2 . One sees that there is only a small change in the d-spacing for those systems which were melt-blended without MA and a more substantial difference for those with MA. The clays that show an effect in the presence of MA, VB16, Si18, and 30B, have also been used in the absence of MA and the d-spacing does not change without MA. The XRD of the VB16 system needs additional comment. With all of the other systems, there is a relatively sharp peak but for VB16 there is only a broad peak. This could indicate an exfoliated structure but may also be indicative of a disordered system. It is presumed that there is some reaction that occurs between the MA and the PE which leads to the formation of a graft copolymer in which MA units are attached to the PE chain. No radical initiator was added to the system but, since the reactions were carried out at high temperatures in air, the presence of oxygen can serve the role of initiator and lead to the formation of a graft copolymer. This material may then react with the functionalities on the clay. When the clays that do not have functionalities were used, the presence of MA had no effect on the d-spacing.
Characterization of nanocomposites by TEM
The results that one obtains from XRD measurements are never sufficient to define the state of the nanocomposite, because of the possibility of disordering of the clay. Thus characterization by TEM is also required. The TEM images of PE/MA/VB16. PE/MA/Si18, PE/MA/30B andPE/25A nanocomposites are shown in Fig. 3, Fig. 4, Fig. 5, Fig. 6 . From the low magnification images we can see that the clay is not homogenously distributed for any of the clays. The clay actually may be well-distributed in some locations but congregated in others. At any rate, one must say that there is some immiscible character to these systems. In the high magnification images one can see that there is clear intercalation for the functionalized clays, while the image for PE/25A, a non-functionalized clay, is much more diffuse and shows a smaller spacing between the clay layers, exactly as seen by XRD. The use of XRD and TEM enables correlation between these techniques and this suggests that the broad peak seen in the PE/MA/VB16 system is actually a peak and is indicative of intercalation. Both Kuchta et al. 6 and Wang et al. 7 have reported TEM data for the PE nanocomposites that they have prepared. 
TGA characterization of the nanocomposites
Thermogravimetric analysis provides information on the course of the thermal degradation of the polymer. Table 3 shows the data for the thermal degradation of all of the PE materials. The data which is included is: the temperature at which 10% degradation occurs, T0.1, a measure of the onset of the degradation, the temperature at which 50% degradation occurs, T0.5, the mid-point of the degradation, and the fraction of material which is non-volatile at 600 °C, denoted as char. 10 This data is also shown graphically in Fig. 7, Fig. 8 . There is little change, if any, in the temperature of the degradation and the amount of non-volatile material is simply reflective of the amount of clay that has been added. One must say that nanocomposite formation has almost no effect on the thermal degradation of PE. In previous work it has been observed that for some polymers, notably polystyrene, there is a rather large change in the onset temperature of thermal degradation while for other polymers, e.g. polyamide-6, there is no change. Fig. 7 . TGA curves for PE and composites formed using clays which contain no functionalization. Fig. 8 . TGA curves for PE and composites formed using clays which are functionalised.
Flammability properties of PE-clay nanocomposites
Cone calorimetry provides important information on the fire properties of materials, and it also provides useful information on nanocomposite formation. The parameters which may be measured in the cone calorimeter include, the heat release rate, HRR, the peak heat release rate, PHRR, the specific extinction area, SEA, a measure of the amount of smoke which is evolved in the combustion, and the mass loss rate, MLR. It has been shown by Gilman that a microcomposite of polyamide-6 shows essentially no reduction in the PHRR while a nanocomposite gives significant reduction in this parameter. 9 In work carried out in these laboratories, we have observed that microcomposites of polystyrene, poly(methyl methacrylate), and polypropylene do not show a significant reduction in PHRR but all nanocomposites do show this reduction. 8, 11, 12 The amount of the reduction is quite variable, depending upon the polymer and ranges between 25% for poly(methyl methacrylate) to 60% for polystyrene or polyamide-6. Thus one characterization of the nanocomposite formation with PE is based upon the reduction in PHRR.
The cone calorimetric results for the various PE nanocomposites are shown in Table 4 . The PHRR of all the PE nanocomposites show 30∼40% reduction, compared with the pure PE. The heat release rate curves for the pure polymer and its nanocomposites are shown graphically in Fig. 9, Fig. 10 . As is typically observed, the total heat released is the same for the nanocomposites as for virgin PE. The SEA is not changed from virgin PE, indicating that the presence of the clay does not cause increased smoke production. It is of interest to compare those systems which contain MA with those in which this is absent. The reduction in PHRR and in MLR is about the same whether MA is present or absent. According to the cone criteria presented above for nanocomposite formation, the reduction in PHRR is about the same in all cases so, if nanocomposites are formed in any case, they are formed in all cases.
Conclusions
PE-clay nanocomposites have been prepared through melt blending with different organically-modified clays. All of the nanocomposites have a mixed immiscible-intercalated structure. The presence of 3% clay brings about a reduction of 30-40% in the peak heat release rate; this is taken to indicate that nanocomposite formation has occurred in all cases.
